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a b s t r a c t
The focus of this work is the evaluation and analysis of the state of dispersion of functionalized multiwall
carbon nanotubes (CNTs), within different morphologies formed, in a model LCST blend (poly[(a-
methylstyrene)-co-(acrylonitrile)]/poly(methyl-methacrylate), PaMSAN/PMMA). Blend compositions
that are expected to yield droplet-matrix (85/15 PaMSAN/PMMA and 15/85 PaMSAN/PMMA, wt/wt) and
co-continuous morphologies (60/40 PaMSAN/PMMA, wt/wt) upon phase separation have been
combined with two types of CNTs; carboxylic acid functionalized (CNTCOOH) and polyethylene modified
(CNTPE) up to 2 wt%. Thermally induced phase separation in the blends has been studied in-situ by
rheology and dielectric (conductivity) spectroscopy in terms of morphological evolution and CNT
percolation. The state of dispersion of CNTs has been evaluated by transmission electron microscopy. The
experimental results indicate that the final blend morphology and the surface functionalization of CNT
are the main factors that govern percolation. In presence of either of the CNTs, 60/40 PaMSAN/PMMA
blends yield a droplet-matrix morphology rather than co-continuous and do not show any percolation.
On the other hand, both 85/15 PaMSAN/PMMA and 15/85 PaMSAN/PMMA blends containing CNTPEs
show percolation in the rheological and electrical properties. Interestingly, the conductivity spectroscopy
measurements demonstrate that the 15/85 PaMSAN/PMMA blends with CNTPEs that show insulating
properties at room temperature for the miscible blends reveal highly conducting properties in the phase
separated blends (melt state) as a result of phase separation. By quenching this morphology, the
conductivity can be retained in the blends even in the solid state.
 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Since their discovery by Iijima in 1991, carbon nanotubes (CNT)
have received great interest from academia and industry due to the
combination of their exceptional electrical, thermal andmechanical
properties [1]. CNTs have excellent thermal conductivity and elec-
tron transport properties [2]. In addition, they exhibit impressive
mechanical properties such as tensile strengths in the range of
10e60 GPa [3] and elastic moduli which are in the range of 1 TPa
[4]. Although the dispersion of CNTs in polymer systems remains
a challenge, improved properties can be achieved at very low
loadings if they are well dispersed. This is due to their very high
aspect ratio (up to 1000) that ensures percolation of CNTs at much
lower concentrations as compared to other conventional conduc-
tive fillers (i.e. carbon black). As a consequence of these interesting
features, there is a considerable amount of literature dedicated to
the dispersion of CNTs in pure polymers (for a recent review see ref.
[5]) as well as in immiscible polymer blends. Several examples in
the literature refer to the dispersion of CNTs in immiscible polymer
blends. The latter include: PC/PE [6], PA/EA [7], PA6/ABS [8], PP/ABS
[9], PA6/Surlyn [10], PC filled withMWNT/PP filled with clay (MMT)
[11], PET/PVDF [12], PS/PMMA [13], poly(p-phenylene sulfide)/
PA66 (PPS/PA66) [14] and Poly(ε-caprolactone)/polylactide (PCL/
PLA) [15]. The main interest in using immiscible blends as matrices
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arises from the double percolation concept, which was first intro-
duced by Sumita et al. using carbon black filled blends [16].
According to the double percolation theory, conductive fillers
percolate at much lower concentrations, provided that the filled
phase is part of a co-continuous matrix. On the other hand,
different morphologies that accommodate the self-organization of
CNTs have also proven successful. For e.g., Wu et al. have shown
that the selective localization of CNTs throughout the major phase
and at the phase boundaries between two polymers gives rise to
a very effective percolation which is reflected by the substantially
improved material properties [15]. In contrast to fully immiscible
blends, there are not many studies on the addition of CNTs to
blends with lower critical solution temperature (LCST) behavior. A
LCST blend differs from a fully immiscible blend in the sense that
the components are miscible in a certain temperature range above
which they phase separate.
In this study, a LCST blend consisting of poly(a-methylstyrene-
co-acrylonitrile) and poly(methyl methacrylate), which will be
referred to as PaMSAN and PMMA, has been used. The PaMSAN/
PMMA blend was selected for being a model system with well-
defined phase characteristics as described in numerous publica-
tions [17e23]. It is well-known from literature that the PaMSAN/
PMMA blend is capable of forming both droplet-matrix and co-
continuous types of morphologies upon phase separation. Final
morphologies depend on the relative amounts of the components
such that 85/15 PaMSAN/PMMA (wt/wt) and 15/85 PaMSAN/
PMMA (wt/wt) compositions form droplet-matrix morphologies
whereas 60/40 PaMSAN/PMMA (wt/wt) and 40/60 PaMSAN/PMMA
(wt/wt) give rise to a co-continuous morphology [18]. As
mentioned above, it is of interest to explore both types of
morphologies, since they may influence differently the self-
organization of CNTs [24]. In addition, by quenching such
morphologies one can tune the properties of the blend and create
alternative pathways for a more effective percolation. In addition,
the PaMSAN/PMMA blend is known to be thermally stable, which
gives the possibility of annealing and monitoring the system
throughout the morphology development. It is envisaged that the
phase separation process can even promote further dispersion of
the CNTs (and other nanoparticles) in these blends and can be used
as a tool to organize CNTs. Such materials can further be exploited
for a wide range of potential applications like self-regulating
materials, structure-controlled devices etc.
The purpose of this study is to understand the percolation
phenomenon of functionalized carbon nanotubes within different
morphologies formed in the model LCST blend whereby the surface
functionalization of the CNT, blend morphology and the evolution
of the morphology with time will be investigated systematically
and an estimation of the favorable conditions for an effective
percolation of the CNTs will be presented.
2. Experimental section
2.1. Model blends and the preparation method
The components of the LCST blend, poly(a-methylstyrene-co-
acrylonitrile) and poly(methyl methacrylate) (PaMSAN and
PMMA); were both obtained from BASF, under the commercial
names Luran KR2556 and Lucryl G77, respectively. Some of the
important physical characteristics of the polymers and blends, for
the investigated compositions, are summarized in Tables 1 and 2.
The CNTs used in this research were obtained from Nanocyl S.A.
(Belgium). They are of multi-walled type with two different surface
functionalities: Nanocyl-3151 has carboxylic acid groups and
Nanocyl-9000 is a type pre-dispersed in high-density polyethylene.
They will be referred to as CNTCOOH and CNTPE, respectively.
Table 3 summarizes some of the important characteristics of the
CNTs used in this study.
Both types of CNTs were dispersed in the PaMSAN/PMMA
blends by means of a co-rotating twin-screw mini extruder (DSM
Research). They were added in amounts of 0.5, 1 and 2% by weight
of the total blend. It is noteworthy that the effective CNT content in
CNTPE is 31% by weight (see Table 3) and hence, the final concen-
tration of CNTs in the blends has been estimated accordingly to
reach 0.5,1 and 2% byweight of the total blend. The 85/15 PaMSAN/
PMMA and 15/85 PaMSAN/PMMA blends were processed at 190 C
whereas the 60/40 PaMSAN/PMMA blends were processed at
200 C. Apart from the difference in temperature, all blends were
processed under the same conditions: a screw speed of 60 rotations
per minute for 20 min under a N2 atmosphere. It is important to
note that the processing temperature is either at/above the cloud
point temperatures for the blends investigated here (see Table 2).
Due to limitation in the torque of the mini-extruder it was not
possible to process them below their cloud point temperature. For
further characterization the samples were compression molded at
160 C where it is assumed that the squeeze flow deformation
during compression molding allows the phase separated regions to
mix again or at least transform into micro-heterogeneous phases
[24]. In order to have a quantitative proof of this phenomenon, we
monitored the Tg of the compression molded blends by dynamic
mechanical thermal analysis (not shown here). All the blends
investigated here indeed show a single Tg further confirming the
homogeneity of the blends.
2.2. Rheological measurements
The rheological measurements were performed on an AR-G2
stress-controlled rheometer (TA Instruments). The device was
equipped with an ETC (environmental test chamber), suitable for
studying polymer melts under a N2 atmosphere. The measurement
geometry was parallel-plate with 25 mm plate diameter and 1 mm
gap distance. The phase separation process could be followed in-
situ by small amplitude oscillatory measurements (for e.g. 1%
strain). Successive frequency sweeps (in the range of 100e0.01 rad/
s) at 220 C were performed during approximately 5 h. As one
frequency sweep took 30 min, a complete rheological picture of the
morphology development during 5 h was obtained at the end of 10
frequency sweeps.
Table 1
Physical characteristics of the blend components [18].
Property PaMSAN PMMA
Chemical
composition
70% poly(a-methyl styrene) 95% poly
(methyl methacrylate)
30% polyacrylonitrile 5% poly
(methyl acrylate)
Mw (g/mol) 82,000 88,000
Mw/Mn 2.4 2.1
Tg (C) 124 109
Density (at 25 C) 1.08 1.18
Surface free energy
(at 220 C)
34.5 mN/m, % polarity > 24
(approximated to styrene
acrylonitrile with 35 wt%
acrylonitrile, ref. [24])
25.9 mN/m, % polarity:
28 (ref. [24])
Table 2
Physical characteristics of the blends under investigation [19].
PaMSAN/PMMA ratio
(by weight)
Tg (C) Tcloud pt. (C) Final morphology
85/15 124 190 Droplet-matrix
15/85 112 155 Droplet-matrix
60/40 121 175 Co-continuous
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2.3. Conductivity spectroscopy measurements
The electrical conductivities of the blends were determined
both at room temperature and at 220 C by means of conductivity
spectroscopy [26]. Complex impedance spectra were measured by
a Novocontrol Alpha Dielectric Analyzer. Melt pressed circular disks
of 16.5 mm diameter and 1.75 mm thickness were placed between
brass electrodes with appropriate diameter. To maintain a well-
defined sample thickness during measurements in the melt state at
220 C, a Teflon spacer ring sealing the sample/electrode system
was used. The same spacer was used for all measurements in order
to eliminate systematic errors in the sample dimensions. The
sample temperature was controlled by a Novocontrol Quatro
temperature controller in combination with a nitrogen-flushed
cryostat that ensured an accurate sample temperature better than
0.1 C. Frequency scans in the range of 0.1e107 Hz were performed
on all samples. For melt conductivities, 100 consecutive scans,
resulting in a total acquisition time of 6 h, were performed in order
to follow the time dependence of conductivities during phase
separation [25]. Room temperature conductivities were measured
for the miscible blends with CNTPEs and on the quenched samples
(for 15/85 PaMSAN/PMMA blends with CNTPEs). Complex
conductivities were calculated from the complex impedance values
by taking the sample geometry into account. DC conductivities
were obtained from the real part of conductivity (frequency
dependent) at low frequencies as described in ref. [27]. Further
details about the dielectric instrumentation and data analysis are
given in refs. [28,29].
2.4. Transmission electron microscopy (TEM)
TEM was performed on a CM200 FEG microscope operating at
200 kV. For TEM, the compression molded samples (pressed at
160 C) were first annealed at 220 C for 5 h (to allow complete
phase separation) and subsequently quenched to freeze the
morphology. The samples were then sectioned by ultramicrotomy
(MT-XL microtome of Research and Manufacturing Company Inc.)
to thin lamellae (100 nm) and mounted on a Cu-TEM grid with
holey carbon film.
3. Results and discussion
3.1. Morphology development in the blends: probed by rheology
As mentioned in the experimental section, morphology devel-
opment in blends with 85/15, 15/85 and 60/40 PaMSAN/PMMA
compositions were followed during 10 successive frequency
sweeps (each sweep took 30 min). From the time-dependent
rheological measurements (not shown here), it was observed that
the phase separation is completed in less than 3 h for all the
compositions investigated here [18e20]. Therefore, a complete
phase separation is expected at the end of 10 frequency sweeps.
3.1.1. Blends with 85/15 and 15/85 PaMSAN/PMMA compositions
Fig. 1aec shows the evolution of storage and loss modulus (G0
and G00) at 220 C (during phase separation) as a function of time
and frequency in the case of unfilled and filled blends with 85/15
Table 3
Properties of the commercial multi-walled CNTs used in the study.
Property Nanocyl-3151 Nanocyl-9000
Average diameter 10 nm 10 nm
Average length 1e1.5 m 1e1.5 m
Chemical composition 4% eCOOH functionality pre-dispersed in HDPE
31% CNT content
Catalyst impurity <5% Max. 9%
Surface free energy in the range of 27.8e45.3 mN/m [ref. 25]
a b
c
Fig. 1. aec. Frequency and time dependence of the storage and loss modulus (G0 , closed symbols and G00 , open symbols) at 220 C in a. unfilled 85/15 PaMSAN/PMMA blends and 85/
15 PaMSAN/PMMA blends containing b. 2 wt% CNTCOOH, c. 2 wt% CNTPE.
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composition. From Fig. 1 it is clear that changes occur mainly in G0
and particularly in the low frequency part of the spectra where G0
follows an increasing trend as a function of time which indicates
the formation of droplet-matrix interfaces upon phase separation.
The 2 wt% CNTCOOH sample (Fig. 1b) does not display a significant
difference in rheological behavior as compared to the unfilled 85/
15 PaMSAN/PMMA blends (Fig. 1a). On the other hand, the 2 wt%
CNTPE sample in Fig. 1c reveals a substantially higher storage
modulus, which is more pronounced in the low frequency region
(0.1e0.01 rad/s). This effect is clearly related to the percolation of
the CNTs as the blends phase separate. The 1wt% CNTPE sample also
exhibits a similar level of percolation as the 2 wt% CNTPE but is not
shown here. From these results, it is obvious that the type of CNT-
functionalization plays an important role in the formation of
percolating network-like structure of CNTs in the blends as man-
ifested from the rheological behavior.
Fig. 2aec shows the evolution of storage and loss modulus (G0
and G00) as a function of time and frequency in the unfilled and filled
blends with 15/85 composition. As in Fig. 1 for the 85/15 blends the
G00 values remain unchanged and all essential changes occur in G0. It
is worthwhile noting that the increase in G0 between subsequent
frequency spectra is smaller here than in the 85/15 blends. The type
of CNT functionalization also has a clear influence on the rheolog-
ical behavior as in the case of 85/15 blends. Once again, the 2 wt%
CNTCOOH sample does not have a significant difference as
compared to the unfilled 15/85 sample, whereas the 2 wt% CNTPE
sample displays much higher G0 and G00 values. This trend is not
only limited to the low frequency region, but extends to higher
frequencies as well. This is a very clear indication of a percolating
network present in the 15/85 PaMSAN/PMMA blends with 2 wt%
CNTPE sample. The percolation phenomenon in the 15/85 PaMSAN/
PMMA blends with CNTPE is illustrated in a concise manner in
Fig. 3 which shows the influence of CNTPE content on the final
storage modulus (G0) of the blends. According to this figure, 1 wt%
CNTPE and 2 wt% CNTPE samples show evidence of percolation and
therefore it is reasonable to locate the rigidity (mechanical)
percolation threshold between 0.5 and 1% of CNTPE content for this
system.
For a better understanding of the percolation phenomenon and
to understand whether it is influenced by the morphology, CNTPE
was also added to the individual blend components. Fig. 4a,b
illustrates the effect of CNTPE concentration on the storage
modulus (G0) of the components. From these results, it can be
concluded that the CNTs percolate easier in PaMSAN than in
PMMA, but nevertheless the most effective percolation is obtained
within the 15/85 PaMSAN/PMMA morphology.
Fig. 2. aec. Frequency and time dependence of the storage and loss modulus (G0 , closed symbols and G00 , open symbols) at 220 C in a. unfilled 15/85 PaMSAN/PMMA blend and 15/
85 PaMSAN/PMMA blends containing b. 2 wt% CNTCOOH, c. 2 wt% CNTPE.
Fig. 3. Frequency dependence of storage modulus (G0) of the unfilled 15/85 PaMSAN/
PMMA blend and 15/85 PaMSAN/PMMA blends containing 0.5, 1 and 2 wt% CNTPE
obtained after 300 min at 220 C (when the final morphology was reached).
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In summary, the results obtained with CNTCOOH and CNTPE as
filler indicate that the PE modified CNT offer a more effective
percolation with respect to its eCOOHmodified counterpart. Since,
percolation is directly related to the state of dispersion, CNTPE
seems to offer a better dispersion in the PaMSAN/PMMA polymer
blend than the CNTCOOH. Both 85/15 and 15/85 PaMSAN/PMMA
blends that contain 2% CNTPE show rheological percolation.
However, the extent of percolation is higher in the 15/85 blends,
which is reflected by the significant increase in their G0 and G00
values at all frequencies. The percolation phenomenon will be
revisited during the discussion of electrical conductivity studies in
Section 3.2.
3.1.2. Blends with 60/40 PaMSAN/PMMA composition
Fig. 5aec illustrates the evolution of storage and loss modulus
(G0 and G00) as a function of time and frequency for the unfilled and
filled blends with 60/40 PaMSAN/PMMA blends. For these blends,
the G0 and G00 values remain almost unchanged as a function of time
or upon CNT addition. Based on these results and those with lower
filler contents (which are not shown here), it can be concluded that
Fig. 4. a,b. Frequency dependence of storage modulus (G0) of the blend components at 220 C a. PMMA unfilled and with 0.5 and 2% CNTPE; b. PaMSAN unfilled and with 0.5, 1 and
2% CNTPE.
Fig. 5. aec. Frequency and time dependence of the storage and loss modulus (G0 , closed symbols and G00 , open symbols) at 220 C in a. unfilled 60/40 PaMSAN/PMMA blends and
60/40 PaMSAN/PMMA blends containing b. 2 wt% CNTCOOH, c. 2 wt% CNTPE.
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the CNT addition does not have a significant influence on rheo-
logical behavior within the studied concentration range (0.5e2 wt
%) and that the differences between the CNTPE and CNTCOOH-filled
60/40 blends are only marginal. Contrary to our expectations, these
blends do not reveal any rheological percolation in the studied
concentration range of the CNTs. In this context, morphological
investigations can provide more insights and will be discussed
latter on.
3.2. Electrical conductivity probed by conductivity spectroscopy
3.2.1. Melt conductivity as a function of time
Fig. 6 shows the evolution of the DC conductivity (s, S/m) of the
unfilled 85/15 PaMSAN/PMMA blends and 85/15 PaMSAN/PMMA
blends containing 2wt% CNTCOOH and 2wt% CNTPE obtained from
electrical conductivity spectra. As mentioned in the experimental
part, the measurements were performed at a fixed temperature of
220 C during 6 h in a frequency range of 101e107 Hz fromwhich
the conductivity was calculated. According to Fig. 6, both the
unfilled and the 2 wt% CNTCOOH samples have low conductivities
that are considered in the dissipative range (on the order of 107 S/
m). The 85/15 CNTPE blend also has an initial conductivity in the
dissipative range, which increases gradually throughout the phase
separation and reaches 104 S/m after 6 h. For this sample, the
progress of phase separation clearly affects the extent of electrical
percolation and as a consequence, the DC conductivity. A plausible
explanation for this behavior will be provided together with the
morphological characterization results in the TEM section.
In Fig. 7, the corresponding conductivity results of the unfilled
60/40 PaMSAN/PMMA blends and the 60/40 PaMSAN/PMMA
blends containing 2 wt% CNTPE and 2 wt% CNTCOOH are displayed.
Unfilled 60/40 blends also have conductivities that are of the order
of 107 S/m, being in the dissipative range. Among the samples in
Fig. 7, the unfilled 60/40 PaMSAN/PMMA blend shows the highest
conductivity which is rather unexpected as one would expect the
blends with CNTs to result in a higher electrical conductivity. This
will be revisited in the subsequent sections. Similar to the unfilled
85/15 PaMSAN/PMMA blends in Fig. 6, the conductivity of the
unfilled 60/40 blend starts at an identical level as its CNTCOOH-
filled counterpart and then undergoes a slight increase in
conductivity as the phase separation proceeds and finally reaches
the highest conductivity level among the three samples. However,
conductivity values after 6 h still remain in the dissipative range for
all 60/40 PaMSAN/PMMA blends.
As for the 15/85 blends, they demonstrate completely different
behavior compared to their 85/15 and 60/40 counterparts. Fig. 8
shows the conductivity evolution for the unfilled 15/85 blend and
the 15/85 blends containing 0.5, 1 and 2% CNTPE and 2% CNTCOOH.
As can be seen, 0.5 wt% CNTPE approaches conductivity of the order
of 104 S/m. Moreover, the CNTPE samples with the highest
concentration of CNTs (1 and 2%) have respectable conductivity
values that are on the order of 0.1e1 S/m. The conductivity
increases drastically with CNTPE concentration and the concen-
tration range of conductive samples is identical to the concentra-
tion range of rheological percolation (Fig. 3). By combining both
results from conductivity and rheology, we can conclude that the
percolation threshold is at 0.5e1 wt% of CNTs for this specific
system. The unfilled 15/85 blend as well as the blend with 2%
CNTCOOH has conductivities on the order of 108e107 as being
typical for a non-percolating material (Fig. 8).
In addition to a clear observation of the percolation effects in the
15/85 PaMSAN/PMMA blends, there is an intriguing trend present
in some of the blend samples: A general observationwas made that
the 2 wt% CNTCOOH blends exhibit conductivities even below that
of the unfilled counter-parts. More specifically, conductivities of
both 2CNTCOOH and unfilled samples in all blends start
Fig. 6. Evolution of the DC conductivity (s, S/m) of the unfilled 85/15 PaMSAN/PMMA
blends and 85/15 PaMSAN/PMMA blends containing 2 wt% CNTCOOH and 2 wt%
CNTPE measured during phase separation (at 220 C during 6 h).
Fig. 7. Evolution of the DC conductivity values (s, S/m) of the unfilled 60/40 PaMSAN/
PMMA blends and 60/40 PaMSAN/PMMA blends containing 2 wt% CNTPE and 2wt%
CNTCOOH measured during phase separation (at 220 C during 6 h).
Fig. 8. Evolution of the conductivity values (s, S/m) of the unfilled 15/85 PaMSAN/
PMMA blends and 15/85 PaMSAN/PMMA blends containing 0.5, 1, 2 wt% CNTPE and
2 wt% CNTCOOH measured during the phase separation (at 220 C during 6 h).
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approximately at the same level. The unfilled blend (whether it is
85/15, 15/85 or 60/40 PaMSAN/PMMA) undergoes a slight increase
in conductivity as the phase separation proceeds. This may be due
to the fact that the two polymers have higher conductivities after
complete phase separation than when they are miscible. In
contrast, for blends filled with CNTCOOH, the initially low
conductivity of the matrix polymers appears to be further reduced
by the presence of CNTs. A possible explanation might be the
following: when not percolated, CNTs (or other polar additives)
may act as charged defects and thus represent deep Coulomb traps
for mobile charge carriers in the polymer matrix resulting in
a reduction of the conductivity [30]. Alternatively, a “chemical”
trapping of ionic charge carriers by ionic interaction with localized
acid sites of the CNTCOOH might be considered as well.
3.2.2. Room temperature conductivity: miscible versus phase
separated blends
The blends here with the highest melt conductivities were also
investigated for their room temperature conductivities before
(miscible blends) and after quenching (phase separated). In Fig. 9,
room temperature conductivities for the unfilled 15/85 PaMSAN/
PMMA blends and the 15/85 PaMSAN/PMMA blends containing
0.5, 1 and 2% CNTPE are displayed before and after quenching
respectively. The samples (before quenching) were virtually insu-
lators at room temperature presumably because of the random
distribution of CNTs in the miscible blends [24]. This is presumably
due to random distribution of CNTs before phase separation.
Interestingly, the quenched samples are conducting however, the
absolute values in Fig. 9b are lower by three orders of magnitude as
compared to their melt conductivities (see Fig. 8). At an elevated
temperature, the blends phase separate and the CNTs migrate to
their preferred phase driven by thermodynamic forces. This
increases the effective concentration of the CNTs in a given phase
and further facilitate in the formation of network-like structure of
CNTs. However, the decreased mobility of charge carriers (in the
melt) results in a decreased conductivity in the quenched samples.
Interestingly, at concentrations above the percolation threshold of
CNTs (e.g. > 0.5 wt% CNTPE), the conductivities change marginally
both in the melt and quenched samples. In summary, phase
separation can be used as a tool to design a highly conducting
material in the melt and by quenching such morphologies the
conductivities can be retained, at least to a reasonable extent, even
in the solid state. This demonstrates that the phase-separated
systems can efficiently conductive also at ambient temperatures
and not only in the melt, which makes them more interesting for
practical applications.
a b
Fig. 9. Conductivity values (s, S/m) of the unfilled 15/85 PaMSAN/PMMA blend and 15/85 PaMSAN/PMMA blends containing CNTPE measured at 25 C for the a) miscible; b) phase
separated and quenched samples.
Fig. 10. a,b. Conductivity values (s, S/m) of the blend components measured at 25 C: a. PMMA and b. PaMSAN; both unfilled and with 1 and 2 wt% CNTPE.
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Fig. 11. TEM images showing the phase separated blends of (a,b) 85/15 PaMSAN/PMMA blend; (c,d) 15/85 PaMSAN/PMMA blend; (e,f) 60/40 PaMSAN/PMMA blend.
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Because CNTPEs percolate quite well in the 15/85 PaMSAN/
PMMA blends in which PMMA forms the major phase, they were
suspected to percolate even better in PMMA than in PaMSAN. In
order to verify this effect, pure polymers containing identical
amounts of CNTPEs as the blends, were analyzed with respect of
their room temperature conductivity. The results are as shown in
Fig. 10a,b. Although these samples show signs of rheological
percolation at 1 and 2% CNTPE contents (Fig. 4a,b), they clearly lack
a DC conductivity plateau at low frequencies, again qualifying these
materials as insulators. As a consequence, we conclude that
blending these two polymers in a specific morphology is more
advantageous than using separate polymers particularly, for
obtaining electrical percolation of the CNTs.
3.3. Final morphology of the blends after phase separation as
observed by TEM
The final morphological state of the blends as revealed by TEM is
summarized in Fig. 11aef. The results illustrate the 85/15,15/85 and
60/40 PaMSAN/PMMA blends each containing 2wt % of CNTCOOH
or CNTPE. The lighter regions in these images are PMMAphases and
the darker regions are the PaMSAN phases. As mentioned in the
experimental part, all samples were subjected to an annealing step
in a tubular oven prior to TEM characterizations. According to our
observations, the PaMSAN phase is selectively filled with the CNTs.
This can be explained based on thermodynamic considerations
[24]. The surface free energy of PaMSAN is higher than that of
PMMA essentially indicating that CNTs are energetically favored
toward the PaMSAN phase. A possible ‘p-p’ type of interaction can
also lead to selective localization of CNTs in the PaMSAN phase.
Surprisingly the end-morphology of 60/40 blends, which also
appears to be droplet-matrix rather than co-continuous as expec-
ted. This peculiar effect will be revisited at the end of this section.
Generally, in the images in Fig. 11, the droplets are ellipsoidal
rather than spherical due to the deformation by the ultrami-
crotomy, which makes droplet shape/size determination less
accurate. In the case of 85/15 and 15/85 PaMSAN/PMMA blends, the
estimated average droplet diameter is 0.1 mm (determined from the
higher magnification pictures which are not shown here). Many of
the CNTs are located either entirely in the darker PaMSAN phase or
close to the droplet interfaces; but none of them are located in the
PMMA phase (Fig. 11aef). There are no significant differences
between the 85/15 PaMSAN/PMMA blends containing CNTCOOH
and CNTPE in terms of blend morphology or dispersion and
percolation state of the CNTs (Fig. 11a,b). On the other hand, the 15/
85 blends show clear differences between their CNTCOOH and
CNTPE filled counterparts. As shown in Fig. 11c, the 15/85 PaMSAN/
PMMA blends with 2wt% CNTCOOH blend contains distinct
droplets of PaMSAN in which the CNTCOOHs are nicely dispersed.
Whereas in the case of 15/85 PaMSAN/PMMA blends with 2 wt%
CNTPE, the PaMSAN phase with CNTPEs appears in the form of
coarsened droplets which show connectivity (Fig. 11d). Such
microstructures presumably suggest the onset of co-continuity.
However, it is clear from the figure that the 15/85 PaMSAN/
PMMA blends with 2 wt% CNTPE has sufficient connectivity, which
is in agreement with the rheological and electrical percolation
obtained at low concentrations.
The 60/40 PaMSAN/PMMA blends that contain CNTCOOH and
CNTPE show no significant differences TEM images (Fig. 11e,f). As in
the case of 85/15 blends, the PaMSAN phase is observed as the
preferentially filled phase. According to these TEM images, the 60/
40 blends with CNTs exhibit a droplet-matrix type of morphology
rather than co-continuous as expected. Additionally, there is no
indication of a percolating network of CNTs in the TEM images of
60/40 PaMSAN/PMMA blends, which is also in agreement with
their rheological and electrical behavior.
As mentioned earlier, the 85/15 PaMSAN/PMMA blends with 2%
CNTPE has an initial conductivity in the dissipative range, which
increases gradually throughout the phase separation and reaches
104 S/m after 6 h (see Fig. 6). The percolation threshold can be
therefore located at about 2% by weight of CNTPE for this system.
The 15/85 PaMSAN/PMMA blends on the other hand reaches the
same order of magnitude for the conductivity with only 0.5%
CNTPE. Furthermore, 15/85 PaMSAN/PMMA blends with higher
filler contents have conductivities at least 3 orders of magnitude
higher, so they have clearly a higher extent of percolation. These
observations can be correlated with the time dependent percola-
tion of CNTs in the blends, which is also closely related with
temperature andmorphology evolution during phase separation. In
the case of 15/85 PaMSAN/PMMA blends, the phase separation
processes can be expected to be faster in view of a deeper quench
depth. Moreover, selective localization of CNTs in the PaMSAN
phase increases the effective concentration of CNTs thereby
inducing a percolative network like structure. All these results
combined with the TEM images, point to marked structural
differences between these blends. Based on the observations so far,
the following structures may be proposed (Fig. 12a,b). According to
this scheme, 2 wt% CNTPE is distributed in the matrix phase
(PaMSAN) of the 85/15 PaMSAN/PMMA blends but with limited
inter connectivity between CNTs. On the other hand in 15/
85 PaMSAN/PMMA blends the CNTPEs are selectively localized in
the droplet phase (PaMSAN). Moreover, the CNTPEs interconnect
the PaMSAN domains (Fig. 11d) which presumably gave rise
to a higher final electrical conductivity (Fig. 8) as compared to
85/15 PáMSAN/PMMA blends (Fig. 6). Such a structure offers
an alternative pathway for more effective percolation. Hence,
Fig. 12. Schematic representation of the percolated structures that are proposed for the droplet-matrix morphologies in the presence of CNTPEs. a. 85/15 PaMSAN/PMMA blends
with 2 wt% CNTPE and b. 15/85 PaMSAN/PMMA blends with 2 wt% CNTPE (PaMSAN: grey, PMMA: white, CNTs: hairy like structure).
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phase separation can be used as a tool to organize CNTs and to
design highly conducting materials both in the melt and room
temperature.
4. Conclusions
This paper presents a detailed study on the state of dispersion of
functionalized carbon nanotubes within different morphologies
formed in a model LCST blend (PaMSAN/PMMA). In order to
explore various parameters that influence dispersion and percola-
tion, blends that are expected to form droplet-matrix (85/15 and
15/85 PaMSAN/PMMA blends) and co-continuous morphologies
(60/40 PaMSAN/PMMA blends) upon phase separation have been
combined with CNTs of two different surface functionalities
(CNTCOOH and CNTPE). The experimental results indicate that the
blend composition and the surface functionalization of CNT are the
main factors that govern percolation. Additionally, CNTs influence
the blend morphology as revealed by the connected droplets in the
15/85 PaMSAN/PMMA blend and the suppression of co-continuity
in 60/40 PaMSAN/PMMA blends. Among all studied blends, the
15/85 PaMSAN/PMMA blend with CNTPE provides the highest level
of rheological and electrical percolation. For this system, it was
observed that the miscible blends were virtually insulators at room
temperature while highly conducting material can be obtained in
the melt as a result of phase separation. Moreover, by quenching
this morphology the conductivity can be retained even in the solid
state (at room temperature). The results from rheology, melt
conductivity and room temperature conductivity of the quenched
samples point toward the same extent of percolation i.e. 0.5e1 wt%
in 15/85 PaMSAN/PMMA blends. The 85/15 PaMSAN/PMMA blends
also shows signs of rheological and electrical percolation, however
at a higher concentration of CNTPE (2 wt% by weight). Contrary to
our expectations, 60/40 PaMSAN/PMMA blends with CNTs exhibit
a droplet-matrix type of morphology rather than co-continuous
and they do not show any indication of percolation. Finally, it can
be concluded that phase separation can be used as a tool to orga-
nize CNTs in the blends and to design pathways for more effective
percolation.
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